Abstract: In this work, the Minimum Entropy Deconvolution (MED) method, developed for ultrasonic signals, is used to address the problem of delamination defect detection in Composite Materials. Standard deconvolution techniques suppose that the wavelet is minimum phase but generally make no assumptions about the amplitude distribution of the primary reflection coefficient sequence. For a white reflection sequence the assumption of a Gaussian distribution means that recovery of the true phase of the wavelet is impossible; however, a non-Gaussian distribution in theory allows recovery of the phase. It is generally recognized that primary reflection coefficients typically have a non-Gaussian amplitude distribution. The minimum entropy deconvolution (MED) method supposes whiteness but seek to exploit the non-Gaussianity. This method do not assume minimum phase. The deconvolution filter is defined by the maximization of a function called the objective. The algorithm is tested on simulated data and also tested on real ultrasonic data from multilayered composite materials.
Introduction
Fiber reinforced laminated composites have been used in many structural applications such as airplanes, ships and sporting goods because of their superior specific properties (mechanical, high strength-to-weight and stiffness-to-weight ratios,…) compared with metal materials. Composite structures can be damaged under mechanical and thermal loadings. The typical damage behaviour in the laminated composites is transverse microcracking, fiber-breakage and delamination [1] . Typically, the transverse microcracking through the thickness of the ply occurs as the first-ply failure, and the delamination damage follows. The fiber breakage usually happens at the last stage of the failure. So, a catastrophic failure can occur only with the microcracking and delamination damage [1] . The failure behaviour in the laminated composites is usually complicated and highly dependent on the properties of the constituent materials, fiber orientation, stacking sequence, nature of loading, etc [1, 2] .
The deconvolution techniques which will be presented in this work are known under the name of Minimum Entropy Deconvolution (MED). Section 2 of this paper describes echo detection schemes. Section 3 is devoted to Minimum entropy deconvolution methods. We then analyse the results for simulated ultrasonic signals. During this stage, we compare the used algorithms. In Section 5, we present the experimental results when using a carbon fiber-reinforced polymer (CFRP) block which have been carried out in order to assess the good performance of the proposed approach.
Echo detection schemes
Delaminations in thin composite laminates are usually detectable by an immersion transducer operating in pulse-echo mode. Figure 1 .a shows a typical ultrasonic setup.
The sample used is a carbon fiber-reinforced polymer multi-layered composite material (CFRP) achieved with delamination defect located at front surface.
Multiple waves are reflected from the surfaces of the specimen as well as from delaminations, as shown in Fig. 1 .b. Typical A-scan waveforms recorded by an oscilloscope are shown in Fig. 2 , where Fig. 2 .a is the waveform obtained from undamaged zone, and Fig. 2 .b is waveform obtained from impact damaged regions of a composite laminate. In Fig. 2 .a, τ FS represents the time location of the ultrasonic front surface echo; τ B represents the time location of the ultrasonic first back wall echo of the sample; (τ B -τ FS ) represents the pulse-echo time delay between a front surface and back wall echoes. Figure 2 .b shows closely-spaced echoes between delamination and front surface echo. τ d represents the defect echo location of the delamination zone. The delamination depth in the material can be given using the equation:
where V sample is the velocity of sound in the material. τ FS , τ B , and τ d will be determined and discussed further in this work. 
Minimum entropy deconvolution methods
Deconvolution is a well established procedure to remove or reduce the effects of the measurement system for improved resolution. The development of deconvolution has been closely associated with progress in estimation theory, signal processing techniques, and improvements in computational power. A block diagram of the deconvolution is given below. [3] The detected ultrasonic signal ( ) y t is modelled as ( ) ( ) * ( ) ( ) y t r t h t n t = + , where the asterisk (*) denotes the convolution operation. The problem is to restore the reflectivity function or rather to find a good estimate of it. Therefore, a deconvolution filter ( ) f t that produces an output signal ( ) estim r t that is a good estimate of ( ) r t is to be designed. The intuitive deconvolution procedure is [4, 5, 6, 7] . The following investigations concentrated on algorithms that are similar to Wiggins' minimum entropy algorithm, which seeks the smallest number of large spikes consistent with the data. Thus, the order in the data is maximized, or equivalently, the entropy or disorder in the data is minimized. Wiggins used fourth-order statistics in his original algorithm. Based on this idea, a number of algorithms using third-, fifth-, and sixth-order statistics are developed [3] . Beside these, Claerbout's parsimonious deconvolution (CLPD) is investigated as well.
1) Wiggins' minimum entropy deconvolution (WMED) [8] estimates the deconvolution filter so that the objective function:
is maximized. It has the effect of increasing the number of the large, non-zero spikes compared to the small ones. This is consistent with the assumed simple structure of the reflectivity series.
Maximizing the objective function with respect to the filter coefficient sequence f(t) leads to a highly nonlinear Toeplitz matrix equation :
where m yy R is a modified autocorrelation matrix containing weighted autocovariances of the input signal ( ) y t . Vector f is the column vector of the required coefficients of the deconvolution filter ( ) f t and 4 g is a column vector that is a weighted sum of cross-covariances of the outputs cubed with the inputs. denotes the data length of the output. Since equation (3) is highly nonlinear it is solved iteratively.
2) General Expression: In terms of the norm, WMED optimizes the fourth power of the ratio of the 4 l norm and the 2 l norm of the deconvolved signal. Based on this idea, other deconvolution algorithms are developed. Because of their similarities, a general expression for this family of algorithms can be written as follows:
Treating this function as described before leads to the Toeplitz equation:
where f and m yy R are the same as in (3), and i g is a column vector that contains weighted crosscovariances of the outputs raised to the ( 1) i th − power with the inputs. This correspondence focuses on blind deconvolution algorithms using third-order statistics deconvolution (THSD), fourth-order statistics deconvolution (WMED), fifth-order statistics
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3) Claerbout's Parsimonious Deconvolution (CLPD):
Another blind deconvolution method proposed by Claerbout in [11] used the following objective function to obtain the deconvolution of the signal y(t): 
Just as for Wiggins' method, optimizing (6) leads to a matrix equation
4) An Exponential Transform Deconvolution (EXPD): Ooe and Ulrych [12] appreciated the fact that Wiggins' method is far less sensitive to the presence of additive noise than alternative methods (when the wavelet is not known) such as homomorphic deconvolution; they wished to modify Wiggins' technique by improving the balance between the noise suppression effect of MED and the ability to recover small reflection coefficients.
They suggested incorporating an exponential transformation of the filter outputs estim r defined by
where S is related to the estim r , S thus takes the form estimMax S r C = , Ooe and Ulrich recommended choosing C in the range 2 3 C < < . 
Synthetic ultrasonic traces
In order to see the limits of these methods, we simulated a signal with three echoes and various levels of noise. The signal of Fig. 4 .a is obtained by convolution of the impulse response of a plane reflector with a transducer of 2.25MHz frequency and a reflectivity sequence of three reflectors located at the instants τ FS = 6µs, τ d = 7µs and τ B = 10µs. In order to evaluate the performance of these methods of deconvolution, it is helpful to define signal-to-noise ratio (SNR) by the following equations: 
where i T is the ith target location (i=1,2,…) and P is the target width, which is inversely related to the equivalent bandwidth. [13, 14, 15] Figure 4 .b represents the result of the deconvolution by method THSD. Tables 1 and 2 represent the six deconvolution methods applied on the simulated signal drowned in two levels of noise 50% and 100% (i.e: SNR=2.17dB and SNR=-6.34dB). In Table 1 we calculated the thickness measurement error of the simulated signal, we notice that the methods THSD and FISD give the
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Experimental results
The experimental data shown in this section (see Figures 5 and 6; and Table 3 ) are obtained using a transducer of 2.25MHz center frequency. A carbon fiber reinforced polymer (CFRP) of 2.67mm thickness is used, provided by an aircraft manufacturer company. It is achieved as follows: the unidirectionnal layers are stuck with epoxy, one layer on the other altering the orientation from (0°, 45°, 0°). The sample is made of layers of 0.45mm thickness each layer, shared into 2 parts as follows: -1 st part with no defect, -2 nd part with a delamination defect past at the end of the first layer. Longitudinal waves are used, and we recall that the sound velocity in this material is V sample =2830 m/s. 
Conclusion
In this paper, we have presented a theory and application of Minimum entropy deconvolution methods on Composite Materials. In the case of thickness measurement of experimental data, we have obtained a precision lower than 2.6% for the deconvolution by fifth-order method (FISD). According to the localization of the defect (close to the front surface), we have obtained a precision for the echoe detection of 4.7% for the three methods, (WMED), (CLPD) and (EXPD). According to the obtained results, we can note that the proposed methods can locate accurately the echoes and can consequently enhance the NDT diagnosis. 
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